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Preload Dependence of Fiber Shortening Rate in Conscious Dogs With
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ALAN M . FUJII, MD
Boston and Sotrrhborough, Massachusetts
Employing the new concept of systolic myocardial stiffness,
this study addresses the questions of linearity of the end-
systolic stress-strain relations in left ventricular hypertro-
phy and the preload dependence of fiber shortening rate .
Pressure overload hypertrophy was Induced in six puppies
by banding the ascending aorta . Ultrasonic crystals were
implanted for measurement of short axis and wall thickness
in the six dogs with hypertrophy and in five control dogs . A
pressure catheter was inserted through the apex for left
ventricular pressure measurement . Load was altered by
graded infusions of phenylephrine in the setting of beta-
adrenergic blockade .
Linearity of the end-systolic stress-strain relations was
observed in all cases, and preload-corrected shortening
rate-afterload relations were derived from these stress-
strain relations . Without preload correction, mid wall and
endocardial shortening rate were depressed (p < 0.05 and
For over two decad„ s, there have been numerous attempts
to assess myocardial contractility in both the animal and
clinical settings . These attempts have met with moderate
success, and for a detailed account of these studies, the
reader is referred to the article by Braunwald et al . (1) .
The numerous indexes proposed have been based on
either the force-velocity concept (2) or the ventricular
elastance concept (3). The clinical utility of many of these
indexes has been limited because of several factors, includ-
ing 1) the attempt to develop simple indexes, based on single
point measurements, that were later demonstrated to be load
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p < 0.005, respectively) in the hypertrophy group . How-
ever, with preload correction at 35 glcm2, there was no
significant difference in shortening rate between the control
and hypertrophy groups at afterloads of 150, 2 and 250
g/cm2 . Endocardial shortening rate at a preload of 25
versus 35
g/cm2
demonstrated a preload dependence in both
the control (p < 0.04) and the hypertrophy group (p <
0.01). Mid wall shortening rate displayed a preload ft ;n-
dence only in the hypertrophy group (p < 0.05).
It is concluded that end-systolic stress-strain relations
are linear in control conditions and in hypertrophy, fiber
shortening rate is preload-dependent and, thus, shortening
rate-afterload relations currently used to assess myocardial
contractility need to be modified to account for these
preload effects .
(1 Ant Coll Cardiol 1990r1S :890-9)
dependent-,'.') the development of ejection fraction, shorten-
ing and shortening rate-afterload relations without preload
correction ; and 3) the size and load dependence of variables
based on the ventricular elastance concept .
The present study addresses several of these issues . In
addition, by employing the new concept (4) of systolic
myocardial stifness, it 1) examines the linearity of the
end-systolic stress-strain relation in pressure overload hy-
pertrophy induced by banding of the ascending aorta ; 2)
examines the preload dependence of shortening and short-
ening rate; and 3) compares this new approach for assessing
myocardial contractility with current conventional methods .
Terminology and Definitions
It is appropriate first to define terms that are employed in
the concept of systolic myocardial stiffness (4) .
Stress difference (or) . The total stress difference (a = go
- o- ) is the difference of the average circumferential (0,) and
radial (crr) stress components (5,6), assuming that the left
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ventricle may be represented by a cylindrical anulus at the
site where the short-axis measurements are made .
,
Strain difference W. The associated strain difference
Q = e. - e r ) is the difference of the circumferential (e,) and
radial (e, .) strain cumpufleflih at the mid wall. Note that
-inalIyscs will also be conducted on the basis of endocardial
strains to compare the results with those of Colan et al . (7) .
Circumferential mid wall natural strain
(FN). Natural
strain
('-N) =
log(Dm/Dom), where Dm is the instantaneous
mid wall minor diameter of the left ventricle and Dom is the
minor diameter at zero stress
((r =
0). The corresponding
strain in the endocardium is log(D/1),)), where D and D, ) are,
respectively, the instantaneous endocardial and zero stress
diameters .
Average systole myocardial stiffness (Eav) . Eav
(3/2)u/F = cr/(K x e,,) where K = 413 for a cylindrical
geometry and c, = the circumferential strain component at
the mid wall (4-6) .
End-systole. This is the time at which systolic Igevocardial
stiffness attains its maximal
value WaQ and differs from
the conventional definition, namely . the time of end-ejec-
tiop .
Methods
Animal preparation . Pressure overload left ventricular
hypertrophy was induced in six mongrel puppies (8 to 10
weeks of age) by banding the ascending aorta distal to the
coronary arteries (8,9) . The band was implanted through a
thoracotomy in the fourth right intercostal space with use of
a sterile surgical technique and sodium thiamylal anesthesia
(25 mg/kg body weight) . The bands were tightened until a
thrill could be palpated over the aortic arch . In five puppies
designated as sham-operated control poppies, a right thora-
cotomy was performed, the aortic root was dissected and the
chest closed without implantation of a band . Both groups of
puppies were allowed to recover from surgery and to grow to
maturity, at which time they were instrumented for study .
Instrument implantation . These I I dogs, which have
been previously studied (10,11) . were instrumented at 12 to
20 months of age through a thoracotomy in the fifth left
intercostal space, with use of sterile surgical technique and
pentobarbital sodium anesthesia (30 mglkg intravenously) .
Tygon catheters (Norton Plastics and Synthetic Company)
were implanted in the descending thoracic aorta and apex of
the left ventricle. Piezoelectric ultrasonic dimension crystals
were implanted on opposing anterior and posterior endocar-
dial surfaces of the left ventricle for measurement of the
minor internal diameter and on opposing endocardial and
epicardial surfaces for measurement of wall thickness . These
latter crystals were implanted in the same equatorial plane as
the internal diameter crystals . A solid state pressure trans-
ducer (P22, Konigsberg Instruments) was implanted in the
apex to measure left ventricular pressure . The thoracotomy
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incision was closed in layers, and the dogs were allowed to
recover for 2 to 4 weeks before study .
The dogs used in this study were maintained in accor-
dance with the guidelines of the Committee on Animals of
Harvard Medical School and those prepared by the Commit-
fee on Care and Use of Laboratory Animals of the Institute
of Laboratory Animal Resources, National Council (DHEW
publication No . NIH 78-23, revised 1978) .
Statham P23 ID strain gauge manometers (Statham In-
struments) were calibrated with a mercury manometer and
used to sample aortic and left ventricular pressures from the
implanted catheters . Left ventricular pressure was measured
using the solid state miniature pressure gauge calibrated in
vitro with a mercury manometer and in vivo, employing the
left ventricular measurements made with the Statham strain
gauge manometers. Left ventricular internal diameter and
wall thickness were measured with an ultrasound transit
time dimension gauge (12) . The dimension gauge generates a
voltage linearly proportional to the transit :ime of the uhra-
sound impulses traveling at the velocity of 1 .58 x 106 mm/s
between the piezoelectric crystals, resulting in a continuous
record of left ventricular dimensions . The frequency re-
sponse of the dimension gauge is flat to 60 Hz . At constant
room temperature, the thermal drift of the instrument is
minimal (that is . <0.02 mm in 6 h). Any drift in the
measurement system was eliminated during the experiment
by periodic calibrations accompanied by substituting im-
pulses of known duration from a crystal-controlled pulse
generator having a stability of 0 .001% . The positions of all
transducers were confirmed at autopsy, and positions of the
crystals were confirmed in five of the dogs in vivo using
fluoroscopic visualization of the heart .
Experimental protocol . The data presented have been
analyzed for five control dogs and six dogs with left ventric-
ular hypertrophy . Load was altered by the graded infusion of
phenylephrine (1, 2, 5 and 10 Ag/kg per min) . Beta-
adrenergic receptor blockade was accomplished by the ad-
ministration of 2 mg/kg of propranolol to eliminate the
sympathetic nervous system-mediated enhancement of con-
tractility in the hypertensive state (II) and the inotropic
effect of phenylephrine itself (13) .
Data analysis . Data were recorded on a multichannel tape
recorder (Honeywell 101) and played back on a direct-
writing oscillograph (Gould-Brush Mark 200) . Continuous
records of the first derivative of left ventricular pressure
(dP/dt) were derived from the left ventricular pressure sig-
nals using Philbrick amplifiers (Teledyne, Philbrick) oper-
ated as a differentiator and having a frequency response of
700 Hz. A triangular wave signal was substituted for the
pressure signal to calibrate the differentiator directly . Left
ventricular end-diastolic dimensions were measured imme-
diately before the onset of ventricular contraction . Left
ventricular end-systolic dimensions were measured at the
time of the maximal systolic stiffness . The analog signals of
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left ventricular pressure, minor diameter and wall thickness
were then digitized using an IBM PC/AT computer, with a
sampling interval of 2 .5 ms. This computer was used to
calculate instantaneous left ventricular wall stresses, sys-
tolic myocardial stiffness, end-systolic stress-strain rela-
tions, shortening-afterload relations and fiber shortening
rate-afterload relations .
Statistics . Statistical analysis was performed using com-
mercially available software (14), and the data are reported
as mean values ± SEM. Unpaired t tests were used to
determine whether there were differences between the val-
ues before and after the induction of left ventricular hyper-
trophy. Differences were considered significant at p < 0
.05
(15) .
Theoretic Considerations
Average stress difference, peeload and afterload. The av-
erage stress difference (o) is given by :
o
= Qec - orc =
1
.36
x [PD/2h + PD/2(D + h)]
= 1.36 x (PD/2h) [I+ h/(D + h)]
= o8 [I+ h/(D + h)], [I]
where o& = 1 .36 x (PD/2h) is the average circumferential
stress in a cylindrical anulus, P is the left ventricular
pressure and D and h are, respectively, the minor diameter
and wall thickness. Note that P is in mm Hg and the units of
stress are in g/cm2 (Appendix) .
Preload is defined as end-diastolic stress and given by :
ad
= 1 .36 x Pcd(D/2h)
ed, [21
where ed denotes end-diastole . In this study, afterload is
defined as end-systolic circumferential stress given by :
(o )cs oan =
1 .36 X Pe5(D/2h)e4 , [3]
where the es denotes end-systole .
End-systolic stress-strain relation. Maximal systolic stiff-
ness
(Eaves),
where
EavC5 = rnax[Q/Ke e]
= max[o/(4/3)log(Dm/Dom)] [41
was evaluated iteratively in the following manner :
1) A value for Dom (minor diameter at zero stress) was
first assumed, and for each intervention (myocardial stiff-
ness), Eav was evaluated from the onset of systole until it
attained a maximum ; by definition, this is end-systole .
2) The stress o,, versus log Dmes (minor diameter at
end-systole) points at these maxima were then plotted, and a
new value for Dom was obtained by appropriate extrapola-
tion to zero systolic stress . Specifically, both linear and
.SACC Vol . 15, No . 4
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curvilinear regression analyses were performed, and tests of
significance of departure from linearity (15) were conducted .
3) This iterative procedure was continued until Dom
converged to a constant value . If linearity of the stress
versus log Dmes relation is established, the linear end
systolic stress-strain (ff.
s - Ees)
relation may be expressed in
the form :
Des = max Eav X Egs , 151
where Ee5 = ( 4/3) log(Dmes/Dom). Thus, max Eav is the
slope of this linear relation and may be used to assess
changes in myocardial contractility in a given ventricle
under certain conditions . Note that two to five beats were
analyzed for each intervention .
Shortening and shortening rate versus afterload relations .
The mid wall shortening-afterload (Sm - a,n) relation as
derived in the Appendix is given approximately by :
Sm = I - (Dom/Dmed) x exp[(a + / a,,s) I (4/3)max Eav],
(61
where S,,, = mid wall shortening, Dmed = minor diameter at
end-diastole and a and
/3
are regression coefficients. The mid
wall fiber shortening rate versus afterload relation (Vcfm
versus oar,) follows immediately from Equation 6 and is
given by
Vcfm = Sm/[ET/V], [7]
where 'he ejection time (ET) is corrected for heart rate at 60
beats/min by dividing by the square root of the RR interval .
Radial wall thickening . Wall thickening (WT) is defined
as :
WT = (his - hed)Ihed, [81
where hed and he, are, respectively, the wall thicknesses at
end-diastole and end-systole .
End-systolic pressure-diameter relation . This relation (P s
versus Des) is derived (Appendix) directly from the end-
systolic stress-endocardial strain relation with the result :
Pes = [(413) max Eav/(y + S Des)] x log(DesIDo) [9]
where y and S are regression coefficients, and max Eav is the
slope of the end-systolic stress-endocardial strain relation .
Results
Postmortem studies (Table 1) . In the group with hyper-
trophy induced by aortic banding, the left ventricular free
wall + septum weight/body weight ratio (7 .6 ± 0.6 g/kg) was
approximately 70% greater (p < 0.001) than that of the
sham-operated control group (4 .5 ± 0.2 g/kg) . There was no
significant difference in the right ventricular weight/body
weight ratio between the hypertrophy and control groups
(1 .9 ± 0.1 versus 1 .8 ± 0.1 g/kg, respectively) .
JACC Vol . 15, No. 4
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Table 1. Body and Heart Weight (postmortem measurements)
in I I Dogs
*p < 0.005. tp < 0.001 (different from control) . Values are mean t
standard error of the mean . wt = weight .
Baseline data (Table 2) . Left ventricular pressure in the
dogs with hypertrophy was significantly higher (p < 0 .000
than in the control group (180 ± 5 versus 135 ± 5 mm Hg,
respectively) : however, the end-diastolic pressure was sim-
ilar (10 ± 2 versus 9 ± 2 mnt Hg, respectively ) . End-diastolic
and end-systolic diameters for both groups were similar, but
wall thickness differed significantly, being 40% greater in the
hypertrophy group . Although there was a significant differ-
ence (p < 0.01) in laid wall circumferential shortening rate
(Vcfm) (0.50 ± 0.04 control versus 0 .32 ± 0.03
S-112
hyper-
trophy), endocardial shortening rate (Vcfe) was similar in
both groups . End-systolic stress was not significantly dif-
ferent, but integrated mean stress during ejection was signif-
icantly lower (p <
0.05)
in the hypertrophy group (197 ± 6
control versus 149 ± 17
g/cm2
hypertrophy) .
MIRSKY ET AL .
	
893
PRELOAD DEPENDENCE OF FIBER SHORTENING RATE
Linearity of the end-systolic stress-strain relations, Figure
I displays the end-systolic stress difference versus log diam-
eter relations (o`,
versus log Dmes) for typical experiments
in the control (Fig
. I A) and hypertrophy groups (Fig . I B) . F
tests (15) indicated no departure from linearity . Extrapola-
tion of these relations yielded the mid wall diameter at zero
stress (tom) and the associated end-systolic stress-strain
relations (Fig. IC) . In all cases (five control, six left ventric-
ular hypertrophy)
. F tests demonstrated no significant de-
parture from linearity .
Slope of the end-systolic stress-strain relation and diameter
at zero stress . Based nit a mid wall analysis, the slopes (max
E,!v) and diameters (Dom) were similar in the two groups
(2 .150 ± 246 hypertrophy versus 2,913 ± 494 g/crn 2 control)
and (45 .7 ± 1 .4 hypertrophy versus 42 .5 ± 1 .2 mm control) .
In contrast, the endocardial analysis indicated that the slope
(Max Eav) was markedly depressed (p < 0.03) in the
hypertrophy group (829 ± 138 hypertrophy versus 1,362
t
159
g/cm2
control) : however, diameters (Do) were similar
(22.0 ± 1 .8 hypertrophy versus 26 .1 ± 1 .0 mm control) .
Mid wall shortening rate-afterload relations . Figure 2A
displays a plot of the preload uncorrected shortening rate-
afterload points (Vcfm - o;, f,) with the associated 95%
confidence bands for the entire control group . These points
were obtained in the control state and at graded doses of 1,
2. 5 and 10 pg/kg per min of phenylephrine .
Employing equations 6 and 7, the control shortening
rate-after load relation
corrected for preload ((7,,, = 35 g/cm 2 )
is displayed in Figure 2B . The individual shortening rate-
Table 2. Baseline Left Ventricular Hemodynamic . Function and Dimension Variables in I I Dogs
*p < 0 .01 . tp < 0 .001, tp < 0 .005 (different from control) . Values are mean ± standard error of the mean .
Control
Group
(n
= 5)
Hypertrophy
Group
(n = 6)
End-diastolic pressure (mm Hg) 9+2 10±2
End-systolic pressure (mm Hg) In 5 160 7*
Peak systolic pressure (mm Hg) 135 5 NO 5t
Maximal first derivative of prc .,-,-e (mm Hg/s) 2,959 329 2,839 197
End-diastolic endocardial diameter (mm) 38. 9±0.9 33 . 7±2 .1
End-systolic endocardial diameter (nim) 29.8±0.9 5k 2 .0
End-diastolic mid wall diameter (mm) 52.1±0.8 BA 2 .0
End-systolic mid wall diameter (mm) 45 .4± 1 .0 410 1 .5
End-diastolic wall thickness (mm) 13 .2 ± 0.5 19.5 Ilt
End-systolic wall thickness (mm) 05.6±0.7 22 .4±1.4$
Endocardial shortening fraction (plc ) 23.5±1 .3 N21 . 5±2.7
Mid wall circumferential shortening fraction (%) 12N ± 0 .9
7 .9 0.81:
Radial wall thickening fraction ('k ) 18A ± 2 .7 0! 2 .5
Shortening time (ms) 201 ± 7 068 ± 7*
Heart rate (beats/min) 100±6
128±41:
Endocardial shortening rate (s - " = ) 0 .91±0.05
0.87±0.09
Mid wall circumferential shortening rate
( S -112)
0.50±0.04 0.32±0.03*
Average end-diastolic stress (g/cm 2 ) N 3
12+2
Average end-systolic stress lg/cm 2 ) 162 8
IP 20
Control
Group
in = 5)
Hypenrophy
Group
to - 6)
Body wt(kg) 27 1 24 ± 2
Left ventricular free wall + septum wt (g) 121 lO 176 ± 9*
Left ventricular free wall + septum wt/body
wi (11,g)
4.5 0 .2 7 .6 ± 0.6t
Right ventricular wt (g) 47 3 45 ± 4
Right ventricular wl/body wt (g/kg) 1 .9 0 .1 1 .9 --t 0.1
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Figure 1 . End-systolic stress difference (aeti ) versus log minor
diameter at end-systole (Dmes) relations in control (A) and left
ventricular hypertrophy (LVF?) (B) groups and associated stress-
strain relations (C) . Afterload was altered by graded doses of
phenylephrine (1, 2, 5, and 10 µg/kg per min) . F tests indicated no
departure from linearity (Ln). and linear extrapolation yielded the
mid wall diameter (Dom ) at zero stress . The end-systolic stress-strain
relations (C) were obtained directly from the relations in panels A
and B, employing Dom as the reference length .
afterload relations for the hypertrophy group uncorrected
and corrected for preload are shown in Figures 2C and 2D,
respectively.
Comparisons of shortening rate between the control and
hypertrophy groups at common afterload levels of 150, 200
and 250 g/cm2 and uncorrected for preload (conventional
method) are exhibited b Figure 3A . In this analysis, the
shortening rate at each after load level was calculated from a
linear regression of the raw data points for each dog . At each
level of afterload, shortening rate was significantly de-
pressed (p < 0.005) in the hypertrophy group . Figures 3B
and C show the corresponding comparisons at two different
1 .0
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0
.2
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levels of preload (Oed = 25 and 35 glcm2) . Equations 6 and 7
were used in this analysis and values for minor diameters at
end-diastole (Dmed) at given preloads were obtained from
curve fits of the end-diastolic stress-diameter relations (w ed
versus Dmed) . At a preload level of 25 glcm 2 (Fig. 3B), there
was a borderline significant difference (p < 0 .05) in shorten-
ing rate between the two groups; however, at preload
Bed
=
35 glcm2, there was no significant difference between control
and hypertrophy groups at each afterload level .
Preload dependence of shortening rate. A paired t test for
mid wall shortening rate at preloads 25 and 35 glcm2 was
conducted at each level of afterload and indicated a preload
dependence in the hypertrophy group only (p < 0 .05) . In
contrast, endocardial shortening rate demonstrated a pre-
load dependence in both control (p < 0.04) and hypertrophy
(p < 0.01) groups .
End-systolic pressure-diameter relation. Employing with
use of an F test (15), departure from linearity of the end-
systolic pressure-diameter relation was 6Dserved in five of
six dogs in the hypertrophy group and in only two of five
dogs in the control group (Fig . 4).
Figure 2. Mid wall shortening rate-afterload relations .
A, Shortening rate-afterload relation (preload uncor-
rected) and associated 95% confidence bands for the five
dogs in the control group . B, Preload-corrected (0',d =
35 g/cm2) shortening-afterload relation and associated
95% confidence bands for the entire control group . C
and D, Individual shortening rate-afterload relations
uncorrected (C) and corrected for preload (D) for the six
dogs with left ventricular hypertrophy . Note the quali-
tative differences in the assessment of myocardial con-
tractility as obtained by the conventional method (C)
and the present approach (D) . Vcfm = mid wall circum-
ferential fiber shortening rate ;
Oaf
= end-systolic cir-
cumferential stress = afterload .
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Figure 3 . Comparisons of contractile
state between the control and hypertro-
phy groups at various levels of afterload
.
Without preload correction, the conven-
tional method (A) clearly indicates a de-
	
-
.3
pression of the contractile state in the
left ventricular hypertrophy (LVH)
group
. In contrast, the preload-corrected
relations indicate a borderline significant
difference at 25 g/cm2 and no significant
difference at preload (ow) = 35 g/cm' .
Other abbreviations as in Figure 2 .
Discussion
Assessment of myocardial contractility . The mean fiber
shortening rate-afterload relation (16) has been widely used
in experimental and clinical settings to assess myucai'dial
contractility because it has been assumed to be independent
of preload (17-19) . However, in all these and other studies
(16-19), preload and afterload were allowed to vary simul-
taneously, endocardial shortening rate was evaluated, and
single point measurements obtained from individual animals
or patients were used to construct the shortening rate-
afterload relation . In some cases, afterload was varied
slightly (18) or it was not evaluated (19) . The exception to
these studies was the unique study by Colan et al . (7), in
Figure 4. End-systolic pressure-diameter relations in control (C)
and left ventricular hypertrophy (LVH) group,-. . Generally, these
relations were nonlinear in the hypertroph,- group (five of six dogs)
and linear in the control group (thrp,. of five dogs) . Thus, the
employment of slope changes of these relations to assess changes in
ventricular contractility must b,P considered with caution . Des =
diameter at end-systole ; PP = phenylephrine (in Ag/kg per min),
Pes = pressure at end-systole .
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which preload was augmented individually in a number of
pediatric patients and shortening rate-afterload relations
subsequently were constructed . Although they concluded
that shortening rate was independent of preload, their stud-
ies were noninvasive
; hence, preload (end-diastolic stress)
could not be evaluated, and afterload (end-systolic stress)
calculations were based on several simplifying assumptions .
It is . therefore, conceivable that the counterbalancing effects
of preload and afterload on shortening rate could have
yielded a result demonstrating preload independence . An-
other possible explanation is that mid wall and endocardial
shortening rates may yield contrasting results, and these
points will be discussed later
.
Linearity of the end-systolic stress-strain relation . Earlier
studies (4) demonstrated linearity of the end-systolic stress-
strain relations in control conscious dogs, and the present
study has established that this is also the case in dogs with
moderate left ventricular hypertrophy induced by aortic
banding. The linearity of this relation has important clinical
implications because it implies that the slope (max Eav) is
independent of load . Thus, if the ventricle is used as its own
control, changes in this slope after a given intervention
reflect changes in the inotropic state provided the diameter
at zero stress (Dom) is not significantly altered . This result is
apparent from equation 6 for mid wall shortening (Sm),
where it is observed that changes in max Eav result in
changes in Sin if Dom, "preload "(Drited) and afterload (~,f,)
are maintained constant . It must be emphasized, however,
that max Eav does not assess myocardial contractility, but
represents systolic or active myocardial stiffness and may
alternatively be termed myocardial elastance . This is evident
from the clinical studies (20) that show that the slope of
end-systolic stress-strain relations (max Eav) is markedly
elevated in patients with aortic stenosis with moderate left
ventricular hypertrophy in the presence of normal myocar-
dial function in contrast to patients with severe mitral
regurgitation who have near normal values of max Eav but
depressed myocardial function as nessed by the rwhad-
corrected ejection fraction-afterload relation
. Similar state-
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ments can be made with regard to Emax and E e5 (slopes of
the end systolic pressure-volume relation in the ventricular
elastance concept [3)),
namely, that they represent systolic
chamber stiffness variables and not ventricular contractility
variables (21,22).
Mid wall versus endocardial shortening rate and shorten-
ing. At the outset, a distinction has to be made between
circumferential mid wall shortening rate (Vcfm) and en-
docardial shortening rate (Vcfe)
. In the mid wall region, the
fibers are oriented predominantly in the circumferential
direction and, therefore, shortening takes place mainly in
this direction
. In contrast, shortening at the endocardium
(where fibers are primarily oriented parallel to the endocar-
dial surface) is mainly by radial wall thickening of fibers in
the subendocardial layers, as noted by several investigators
(23-25). In fact, Calderon et al . (26) postulated that because
ejection fraction results from shortening in longitudinal,
circumferential and radial directions, it may have a different
interpretation in pressure overload hypertrophy relative to
volume overload hypertrophy . It is, therefore, not surprising
in view of these studies (23-26) to observe conflicting results
(Table 2) that indicate no significant differences in baseline
endocardial shortening and shortening rate between control
and hypertrophy groups in contrast to depressed mid wall
shortening and mid wall shortening rate in the hypertrophy
group. Furthermore, because left ventricular wall stress (as
distinct from fiber stress) is higher at the endocardium than
at the mid wall (27), one might incorrectly conclude that a
hypercontractile state exists in the subendocardial layers .
Thus, considerable caution must be exercised in the inter-
pretation of many published studies relating to endocardial
shortening and shortening rate .
Comparison of shortening rate versus afterload analyses
based on present and conventional methods. In the present
study and most other studies, preload and afterload were
allowed to vary simultaneously; thus, the measurements of
shortening rate are the result of two counterbalancing ef-
fects. Figure 5 displays the method for developing the
shortening rate-afterload relations in four dogs with left
ventricular hypertrophy . In the conventional method (7), the
shortening rate-afterload relation (dotted line) is obtained by
the linear regression of points that lie on contractile state
relations with different preload levels, whereas in the current
method, these relations are developed for each preload level .
Thus, the preload dependence of shortening rate is readily
observed .
Figure 6, which displays the afterload versus preload
relations for both control and hypertrophy groups, provides
indirect evidence as to why the conventional method yields
a result indicating an apparent depression of the contractile
state in the hypertrophy group . Note that for any given
afterload, preload is much lower in the hypertrophy group
than in the control group
. This has the effect, therefore, of
lowering the shortening rate in hypertrophy at each level of
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Figure 5. Development of the endocardial shortening rate-afterload
relations in four dogs with left ventricular hypertrophy based on
conventional and present methods. In each case, the dotted line
represents the linear regression of points that lie on contractile state
relations at different preload levels (conventional method) . This
contrasts with the present method where the relations are developed
for each prescribed preload level (red ) and clearly display the
preload dependence of shortening rate, a result in disagreement with
studies by Colan et al. (7) . Open circles represent average values
obtained from two to five beats for each drug intervention . Vcfe =
endocardial fiber shortening rate, which was used in the previous
studies (7) . Other abbreviations as in Figure 2 .
afterload, thus artifactually resulting in a depression of
contractility . When preload is accounted for, the results
generally indicate that myocardial function remains within
normal limits in hypertrophy. Note, however, that at a
preload of 25 g/cm2, the results based on mid wall shortening
rate indicated depressed myocardial function in hypertrophy
(Fig. 3B). On closer examination, it was revealed that in one
of the dogs with hypertrophy, shortening rate was either
unusually small or negative for afterloads > 200 g/cm 2 .
Omission of these data from the statistical analysis resulted
in normal myocardial function in the hypertrophy group .
Most animal and clinical studies relating to myocardial
contractility in hypertrophy report only mean values of these
variables for control and hypertrophy groups, and generally
there are disagreements among the various studies . These
differences may be due not only to the different methodolo-
gies employed, but also to heterogeneity of the patients or
animals studied . In our study, the left ventrictlar hypertro-
phy induced in each dog also varied ; however, the advantage
of the present method is the ability to assess the shortening
rate-afterload relation for each individual dog at a prescribed
preload. Figures 2C and D, which display these individual
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Figure 6. Afterload versus preload relations for control and left
ventricular hypertrophy (LVH) groups. Note that at a given level of
afterload, preload generally is much lower in hypertrophy than in
the control group, resulting in an artifactual depression of contrac-
tility in hypertrophy when preload is not accounted for . It is also
interesting to observe that preload becomes negative when afterload
is zero. Abbreviations as in Figure 2 .
relations for the hypertrophy group without and with preload
correction, clearly show marked qualitative differences, thus
emphasizing the importance of preload correction .
End-systolic pressure-diameter relation . The slope of the
end-systolic pressure-diameter relation has been employed
as an index of ventricular contractility by a number of
investigators. Because the slope is size dependent (by defi-
nition) and the assumption of linearity is not always vali-
dated, the utility of this index is limited .
It is apparent from the present study that the theoretic
pressure-diameter relation (equation 9) is nonlinear, and
although linearity could be observed in three of five control
dogs, this occurred in only one of six dogs in the hypertro-
phy group. However, linearity of the end-systolic pressure-
diameter relation does not necessarily imply linearity of the
end-systolic pressure-volume relation . Thus, at best,
changes in slope of the pressure-diameter relation in a given
ventricle may reflect changes in ventricular contractility in
some situations where the zero stress diameter (Dom) re-
mains unaltered after an intervention .
Limitations of the analysis . There are several limitations
to the present study . These include : 1) estimations of zero
stress diameters (Dom and Do) based on linear extrapola-
tions of stress versus log (diameter) relations (Fig . ]) .
Because measurements of pressure and diameter were not
made at very low afterloads, the possibility remains that
end-systolic stress-strain relations may be nonlinear, as
observed by Takeda et al . (28) . In this regard, it might be
possible to predict the behavior of the stress-strain relations
in the low stress range by examining in more detail the
afterload versus preload relations (Fig. 6) and end-systolic
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versus end-diastolic pressure relations
. For example, when
afterload is zero, preload becomes negative and, thus, one
could obtain estimates of the pressures when zero-developed
pressure occurs (that is, occurrence of a "dead" volume
129)) . 2) The assumption of a cylindrical model needs further
validation, and this could be evaluated by the inclusion of
long-axis measurements in future studies . 3) The importance
of ventricular/vascular coupling also requires additional
study in a manner similar to that conducted by Latham et al .
(30).
Conclusions . The present investigation demonstrates : 1)
linearity of the end-systolic stress-strain relations in moder-
ate left ventricular hypertrophy, thus permitting the devel-
opment of preload-corrected shortening/shortening rate-
afterload relations that are used to assess myocardial
contractility for a given preload . 2) Shortening rate is pre-
load-dependent and, therefore, preload corrections are nec-
essary for a more reliable assessment of myocardial contrac-
tility . In this regard, mid wall shortening/shodening rate
should be employed in preference to endocardial shortening/
shortening rate, which is contributed to mainly by radial wall
thickening of the subendocardial layers . 3) Finally, end-
systolic pressure-diameter relations are generally nonlinear
in left ventricular hypertrophy ; thus, caution must be exer-
cised when associating slope changes in these relations with
changes in ventricular contractility .
Appendix
1 . Expressions for Average Stress Difference, Prelead and Afterload
It is assumed that the left ventricle may be represented by a
cylindrical anulus at the site where the short-axis measurements are
made. Thus, at any given radius (r), the circumferential (o ,,) and
radial (o,) stress components in this anulus are given by (31) :
1 .36 x P x a2 + WOMIS - a2 )
1 .36 x P x a2 - bWW(b'- - a2 ).11.11
where P is the left ventricular cavity pressure and a and b a re,
respectively, the inner and outer radius . Note that a = D/2 and b =
D12 + h, where D is the endocardial short axis diameter and h is the
left ventricular wall thickness .
The integrated mean circumferential and radial stresses are,
therefore, expressed as :
fa
b
hoc =
(To dr/(b - a) = 1 .36 x (PD12h)
f
a, dr/(b - a) 1 .36 X PD/2(D + h) .
.1
Hence, the stress difference is
o, = a g , - o,,, = 1 .36 x (PD/211)[I + h/(D + h)]
= co, (I + h/(D + h)), 11
.31
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Preload and afterload are respectively defined as :
(Ted = (° Oc)ed =
1 .36 x (PDl2h)ed
Qan = (
QBc)e5 =
1 .36 X (PD12h)e ,,
	
[1 .4)
where ed and es refer to end-diastole and end-systole, respectively .
2. Shortening-Afterload Relation
The expressions used to determine the mid wall shortening-
afterload relation (Sm - v, n ) are :
where a and
fi
are constants obtained by linear regression, and all
other quantities have been previously defined . Elimination of Dmes
and acs from the above expressions yields the relation between
shortening and afterload, namely :
Sm = I - DmeslDmed
= I - (Dom/Dmed) x exp [a;,l(413) max Eav]
= I - (Dom/Dmed) x exp [(a +
P
Qa
n)1(4/3) max Eav]. 12 .41
It should be noted that equation 2.3 between u, and van is linear
over the measured range of data only, and becomes nonlinear at low
values of o-,,, and o,,, ft .
3. End-Systolic Pressure-Endocardial Diameter Relation
From the end-systolic stress-endocardial strain relation (similar
to equation 5 in the text) . one obtains :
(re , = max Eav x
ee,e
(413) utax Eav x log (Des/Do), 13 .11
where max Eav is the slope of the linear end-systolic stress-
endocardial strain relation and e,, . = (4/3) log (Des/Do) is the
endocardial strain difference at end-systole . By curve-fitting the
ratio (o 51Pe5) in the form :
acRcs = y + b Des,
we obtain
Pes = Qc
,1(Y + 8 Des)
= [(413) max Eavl(y + b Des)] x log (Deslljo) .
We are indebted to S . F. Vatner . MD for permitting these studies to be
conducted in his laboratory at the New England Primate Research
Center in
Southborough, Massachusetts .
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